Objective: The objective of this study was to compare blood flow rates measured by Doppler ultrasound (DUS) and phase-contrast magnetic resonance imaging (MRI) in patients having a hemodialysis arteriovenous fistula (AVF) and to identify scenarios in which there was significant discordance between these two approaches.
An arteriovenous fistula (AVF) is the preferred vascular access for chronic hemodialysis. However, newly created AVFs may not mature for dialysis, 1 and matured AVFs may have only limited durability. 2 Conventional spectral Doppler ultrasound (DUS) is commonly used for monitoring AVFs during their development after creation and when any clinical dysfunction is encountered or suspected. 3, 4 To obtain the flow rate from the maximal DUS velocity spectrum, a parabolic velocity profile across the lumen is commonly assumed in the algorithms of commercial ultrasound machines based on the Poiseuille flow theory, stating that under steady laminar flow, the average velocity is half of the maximal velocity in the cross section of an infinitely long straight circular tube. However, the flow in AVFs does not satisfy these conditions; not only is it pulsatile but also the complicated and variable anatomy induces complex flow patterns with regions of flow separation and recirculation. 5, 6 Therefore, although experiments using straight tubing have demonstrated that ultrasound systems are reasonably accurate, 7 DUS measurements of AVF flow may not be accurate in the real world. 8, 9 Therefore, identifying the source of errors in AVF flow rate measurements by DUS is important for improving care of hemodialysis patients. Phase-contrast magnetic resonance imaging (PC-MRI) has been used to acquire blood flow, 10 including AVFs.
In contrast to DUS, PC-MRI provides a direct measurement of the velocity at multiple locations within the lumen, thus accommodating for asymmetries within the flow field. This advantage yields a high degree of in vivo precision of PC-MRI flow rate measurements. 12 However, there exist some sources of errors affecting the accuracy of PC-MRI flow rate measurements, and the measurement error could be 10% or even higher. 13, 14 Common sources of errors include inappropriate velocity encoding, deviation of an imaging plane orthogonal to the vessel axis, inadequate temporal and spatial resolutions, disturbed flow, spatial misregistration, and phase offset errors. 15 Yet to be examined is a direct comparison of PC-MRI and DUS flow rate measurements in the complex flow field that characterizes AVFs. In the absence of a "gold standard" for noninvasive in vivo flow measurement in humans, the aim of this study was to compare patients' AVF blood flow rates measured by DUS and PC-MRI and to identify scenarios in which there was significant discordance between these two approaches.
METHODS
Study patients. Patients with end-stage renal disease undergoing a new end-to-side upper extremity AVF creation surgery were recruited. This prospective study was approved by the Institutional Review Board at the University of Florida. Written informed consent was obtained from all patients. From 2011 to 2016, six patients enrolled in the Hemodialysis Fistula Maturation (HFM) parent study 16 and 43 patients enrolled in a continuing HFM ancillary study 6 from the University of Florida underwent ultrasound and MRI scans and were included in this report. Two-thirds of the patients had an upper arm AVF, of which 65% were brachiocephalic.
Ultrasound. Ultrasound images were obtained at 1 day and 6 weeks after the AVF creation surgery for the HFM study patients and at 6 weeks and 6 months postoperatively for the ancillary study patients. All ultrasound examinations were performed using the iU22 system (Philips Healthcare, Andover, Mass) by registered vascular sonographers who received dedicated training by the HFM Ultrasound Core on standardization of blood flow rate acquisition and methods to minimize errors. 17 For this reason, intrasonographer and intersonographer variability was not examined further. At each visit, the blood flow measurement was repeated three times at a location 2 cm proximal to the anastomosis in the proximal artery (PA) and 10 cm distal to the anastomosis in the draining vein (DV; Fig 1) . The sample volume included the whole lumen (Fig 2, A) , except in rare cases in which the lumen was larger than the ultrasound machine's maximal sample volume. Cross-sectional images were also obtained at these sites for determination of the lumen diameter.
Because all ultrasound images gave us interpretable results, we did not discard any DUS flow measurements.
MRI. Cine PC-MRI was performed to obtain blood flow rates at 1 day, 6 weeks, and 6 months postoperatively. A General Electric 3.0T scanner (GE Healthcare, Wauwatosa, Wisc) with a regular-size bore (60 cm), Signa HDxt, and knee coil were used for the HFM patients, and a Siemens 3.0T scanner (Siemens Healthcare, Hoffman Estates, Ill) with a large bore (70 cm), MAGNETOM Verio, and surface coil were used for the ancillary study patients. First, two-dimensional time-of-flight (TOF) imaging was performed to locate the AVF after taking scout images. Next, maximum intensity projections of the TOF images at three orthogonal directions were used to determine the imaging position of the two-dimensional PC-MRI in PA and DV, respectively. A relatively straight portion of the vessel that was expected to have minimal asymmetry and flow disturbance was chosen to place the imaging slice orthogonal to the blood vessel axis. A fingertip pulse oximeter was used to provide the prospective gating signal. The number of cardiac phases was 30 for the GE scanner, but every repetition time had one phase for the Siemens scanner. The velocity encoding value was adjusted to match the maximal velocity; the typical value was 220 cm/s for PA and 150 cm/s for DV. Other imaging parameters are shown in Table I .
Flow rates were extracted from PC-MRI using Segment version 2.0 (Medviso AB, Lund, Sweden). The image quality was assessed on a scale of 1 to 9, with 9 being the highest ( Supplementary Fig, online only) . The image with a quality below 5 was excluded from the analysis. The mask of the PA or DV lumen was drawn manually in one cardiac phase using the magnitude image; all the remaining phases were automatically tracked next (Fig 2, B) . Phase error correction was performed using a manually drawn region with a width of one or two pixels around the lumen (Fig 2, C) . 15 To examine the intraobserver agreement, 10 scans of PA and 10 scans of DV were randomly chosen and reanalyzed after 6 months of the first analysis by Y.H. To examine the interobserver agreement, the same 20 scans were reanalyzed by D.B.P. Statistical analysis. Data were presented as mean 6 standard deviation or as median (25th percentile-75th percentile) when the distribution was non-normal. Intraobserver and interobserver agreement in MRI flow rates was examined by the concordance correlation coefficient (CCC) using the R epiR package (R Foundation for Statistical Computing, Vienna, Austria). 18 Because the geometric and hemodynamic characteristics of PA and DV are different, flow rates in these two vessels were analyzed separately. A paired t-test or Wilcoxon signed rank test was used to determine the statistical significance of differences between DUS and MRI flow rates, whereas the Pearson correlation test was employed to evaluate their correlation. Bland-Altman plots were used to identify significant discrepancies between the two approaches and to define a subset of the data that underwent a focused analysis for the etiology of these differences. 19 The difference ratio was chosen in the Bland-Altman plots because it can show the differences through the full flow range better. 20 From a clinical point of view, it is important to identify the discrepancies that may affect patient care. Therefore, the following principles were used to guide the categorization process: AVFs with flow <300 mL/min are not usable for hemodialysis; AVFs with flow of 300 to 599 mL/min may be suitable for dialysis with reduced efficiency but fall short of the Kidney Disease Outcomes Quality Initiative flow recommendations; AVFs with flow of 600 to 1499 mL/min are generally effective for dialysis; and AVFs with flow $1500 mL/min may precipitate cardiac overload and heart failure. 21 Flow was accordingly divided into these four categories. From a clinical perspective, 300 and 600 mL/min were particularly important cutoff points, with <300 mL/min being indicative of fistula with impending failure and <600 mL/min being consistent with a suboptimally performing AVF. Discrepancies that would have led to a reassignment of the category were considered clinically significant and were analyzed using a Cohen k, which is a statistic measuring inter-rater agreement for categorical variables (the R irr package). 22 The level of statistical significance was set at P < .05.
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RESULTS
PA flow rate comparison. There were 81 DUS and MRI flow measure pairs. Three pairs were discarded because of low MRI quality; therefore, a total of 78 pairs were used for further analyses. For intraobserver and interobserver agreement analysis of PA MRI flow, the flow difference was 31 6 64 mL/min (4.3% 6 6.4% of the mean flow) and 45 6 79 mL/min (4.9% 6 6.8% of the mean flow), respectively; the CCC with 95% confidence interval was 0.994 (0.977-0.998) and 0.990 (0.961-0.997), respectively. Therefore, both intraobserver and interobserver analysis agreements were high.
The DUS flow (1155 6 907 mL/min) was not statistically different from the MRI flow (1170 6 657 mL/min; P ¼ .812). The mean paired difference (ie, DUS flow minus MRI flow) was À16 6 579 mL/min (À5.1% 6 29.0% of the mean flow). The correlation between DUS flow and MRI flow was significant (0.89; P < .001; Fig 3, A) . Most data points were within the 95% limit of agreement, 19 and only six data points were identified as outliers (Fig 3, B) ; of these six points, two had a lower DUS flow but the other four had a higher DUS flow than MRI flow.
Comparison of the two approaches was further performed using the clinically relevant AVF flow categories. DUS flow and MRI flow were in substantial agreement, with concurrent flow categories present in 62 of 78 cases (Cohen k ¼ 0.66; P < .001). 23 However, nine (black cells in Table II ) of the 16 discordant cases could result in different clinical pathways.
DV flow rate comparison. There were also 81 DUS flow and MRI flow matching pairs. Ten (12%) pairs were excluded from further analyses because of low MRI quality, and another seven were excluded because of the presence of an accessory vein between the MRI and DUS measurement sites. Although flow in the accessory vein could be measured and accounted for, our experience is that it is often difficult to set up a PC-MRI plane that is orthogonal to the accessory vein's axis in the three maximum intensity projection views. A total of 64 pairs were thus used for subsequent analyses. For intraobserver and interobserver agreement analysis of DV MRI flow, the flow difference was 18 6 97 mL/min (0.8% 6 8.8% of the mean flow) and 49 6 116 mL/min (5.6% 6 10.1% of the mean flow), respectively; the CCC with 95% confidence interval was 0.982 (0.937-0.995) and 0.971 (0.892-0.993), respectively. Therefore, both intraobserver and interobserver analysis agreements were high. Blood flow in the distal artery may be toward or away from the anastomosis, where the TOF image intensity is often weak, and this feature was used to help identify the anastomosis during magnetic resonance imaging (MRI). The DUS flow (1277 6 995 mL/min) and MRI flow (1130 6 655 mL/min) were not significantly different (P ¼ .071). The mean paired difference between DUS flow and MRI flow was 146 6 637 mL/min (4.2% 6 28.9% of the mean flow). The correlation between DUS and MRI flow was high (0.92; P < .001); however, 10 of the 11 data pairs with a DUS flow >2000 mL/min had a higher DUS flow than MRI flow (Fig 4, A) . Four data points were identified as outliers, all with a mean flow higher than 1000 mL/min, and DUS flow was lower in one and higher in the other three than MRI flow (Fig 4, B) . Table I , online only). Without assistance, clinically matured fistulas (ie, fistulas that can actually be successfully used for dialysis) and not matured fistulas were 14 (cannulated at 15.5 [13] [14] [15] [16] [17] [18] [19] [20] weeks) and 16 (cannulated at 21.4 [20.6-25.9 ] weeks), respectively. One and seven of these fistulas had both DUS flow and MRI flow <600 mL/min, respectively (Supplementary Tables II and III , online only). Based on the TOF images, six patients who had both DV DUS and MRI flow at 6 months had stenosis at 6 months. Both DV DUS flow and MRI flow were in the same category for the three with flow <300 mL/min and the other three with flow of 300 to 600 mL/min. Therefore, in general, DUS and MRI flow rate measurements agreed well. However, there were cases of notable discrepancies, especially when the flow rate was high.
DISCUSSION
The major findings of this study are that the AVF flow measurements by DUS and PC-MRI were generally comparable, but there were cases with significant differences as demonstrated by the outliers identified by the BlandAltman plots. Seven of these 10 points had higher DUS flow, whereas the other three had higher MRI flow. The possible reasons for this discordance are discussed, and methods to improve DUS accuracy are suggested accordingly. [4.9-7 .1] mm; P ¼ .006) significantly larger in the outlier group. Whereas the underlying cause for this discrepancy is likely to be multifactorial, intrinsic geometric spectral broadening might be a dominant underlying cause of the flow discrepancy. 24 Because of the finite width of the transducer and because the sample volume included the whole lumen, intrinsic spectral broadening becomes more severe with a larger vessel lumen. 25 One example of DUS and MRI discordance with a higher DUS flow probably resulting from spectral broadening is shown in Fig 5, A. Also contributing to a potential overestimation of the DUS flow is the assumption of an axisymmetric velocity profile. Even a modest curvature can lead to skewing of the velocity profile and a focal region of increased velocity. 26 Using this augmented velocity in the calculation of flow rate, which assumes a symmetric parabolic profile, will result in an overestimation of the derived flow rate. 27 One case of a curved PA and the skewing of velocity is demonstrated in Fig 5, B . The velocity profile was obtained on the basis of the computational fluid dynamics simulation following the pipeline developed by us. 6 Scenarios in which DUS flow was lower than MRI flow. The Bland-Altman plots identified two PA outliers and one DV outlier in which DUS flow was lower than MRI flow. One contributor to this disagreement was inaccuracies in the assessment of lumen diameter and the resulting error in the calculated flow rate. Measurement of lumen diameter using a longitudinal DUS image, such as that obtained during spectral waveform measurements, is prone to inaccuracy. Either geometric asymmetry or technical error, whereby the longitudinal image is not accurately captured at the lumen centerline, can lead to an underestimation of the crosssectional area and thus erroneously calculated flow rate. The cross-sectional ultrasound scan may provide a more accurate measurement of lumen geometry 28 and was used to recalculate the flow rate. Such an adjustment provided a partial correction of the difference between DUS flow and MRI flow, with the two PA DUS flows increasing from 670 to 785 mL/min (vs 1370 mL/min for the MRI flow) and from 478 to 763 mL/min (vs 964 mL/min for the MRI flow), respectively. Applying a similar correction to the DV outlier, the DUS flow also increased and the difference became smaller (Fig 6) .
Scenarios in which DUS
Other considerations. Whereas the issues detailed here were likely the primary drivers for these discrepancies, there exist other potential contributing factors. First, the dynamics of early AVF adaptation may be a component among nontechnical sources of variation. The HFM parent study has documented that flow and geometry undergo rapid adaptation in the initial days after AVF creation. 17 To minimize this impact, we considered the early, day-1 ultrasound and MRI scans that were obtained on the same day only (three PA and two DV scans), and none of them was an outlier. All 6-week scans were performed on the same day. All 6-month scans except two were on the same day (one DUS scan was 10 days earlier and the other was 10 days later than the MRI scan); neither of the two scans was the outlier. Thus, the difference in the DUS and MRI scan dates was not likely to be a contributing factor to the outliers in this study. At each time point, the order of DUS and MRI scans varied among patients and was determined on the basis of the availability of the scanner and the patients' schedule, thereby excluding any potential biases due to the order of imaging. There was no difference in heart rates when the patients were undergoing DUS and MRI scans. Furthermore, for the patients (50%) who were on dialysis, the scans were not performed on the day of dialysis except for one patient who had peritoneal dialysis; the influence of dialysis on measured AVF blood flow was thus minimized. Second, whereas many of the inaccuracies may have involved technical or intrinsic issues with DUS, this is not universally the case. Two-dimensional PC-MRI provides the most accurate result when a blood vessel is straight and the flow is laminar. Characterized as flow separation and recirculation, vortex formation, however, flow in DV is often highly complex. 5 Even though attempts were made to perform PC-MRI at a relatively straight portion of DV, the disturbed flow may extend much farther beyond the geometric irregularities because of the high flow in AVFs. Flow disturbance causes intravoxel phase dispersion and reduces the signal to noise ratio of the imaged lumen. 13 In contrast, these factors have significantly less impact in PA, in which the lack of branched vessels and a generally more uniform lumen size lead to axisymmetric flows and higher quality images. This might partly explain our observation that there were more DV MRI cases with low image quality than PA cases (10 vs 3). Excluding cases with low MRI image quality was one limitation of this study. Thus, we did not assume that twodimensional MRI flow was more accurate than DUS flow, especially for DV. Four-dimensional PC-MRI has the potential to provide more accurate flow rate measurement when the flow is multidirectional. 29 Third, the DUS measurement sites were standardized at 2 cm proximal to and 10 cm distal to the anastomosis for PA and DV, respectively. Fixing the measurement sites is important for direct comparison of longitudinal changes over time and for consistency among different sites of the HFM study, but it may not be the best for DUS flow measurement when these sites have severe geometric irregularity and strong flow disturbance as discussed before. Whereas the entire PA is relatively straight in general, it is often curved at 2 cm to the anastomosis, probably because of the necessity to elevate the PA to create the anastomosis. A straight venous segment farther away from the anastomosis is generally easy to find for most AVFs, and the site 10 cm distal to the anastomosis is often appropriate for DV flow measurement. However, when geometric irregularities occur at this site, another site should be sought.
Improving AVF flow measurements by DUS. Ultrasound and TOF images also provide important additional information, such as vein diameter, depth from the skin, and potential areas of stenosis. Furthermore, dampened proximal flow waveforms, suggesting central vein shown. The DUS flow, averaged over three measurements, 5734 mL/min, was substantially higher than the MRI flow, 2400 mL/min. The average DUS diameter was large, 12.4 mm. Of note, typically the longitudinal plane is used to find a segment of the vessel with relatively parallel walls. However, the image shows nonparallel walls because of the severe tortuosity of the vessel at this location. B, Sectional velocity magnitude contour plots of a fistula with a curved PA. The computational fluid dynamics simulation demonstrated the skewed velocity profile at the DUS measurement site of the PA. If the velocity is not skewed, the maximal velocity should be at the center of the lumen. A higher velocity was toward the draining vein (DV). Of note, the PA cutting plane also created a DV section, which also had a skewed velocity profile. The orthogonal MRI measuring slice was 10 cm away from the anastomosis and is not shown in this figure. Assuming the same velocity but using area calculated from the cross-sectional view, the flow was 1784 mL/min. stenosis, are provided by DUS and PC-MRI analysis. However, compounded by the expense, limited throughput, lack of portability and availability, and frequent medical contraindications to MRI use, DUS is the current first choice for noninvasive AVF flow imaging. Bolstered by its advantages, including availability, portability, real-time imaging capability, and high temporal and spatial resolutions, DUS will remain the AVF flow imaging modality of choice in the foreseeable future. With the new development in DUS that eliminates explicit beam-vessel angle and diameter measurements 30 and other techniques, [31] [32] [33] DUS is likely to provide even more accurate AVF flow estimate in the future. The results of this study may also improve the accuracy of DUS-measured AVF blood flow. We show that in using DUS for flow measurements, careful attention to accurate lumen diameter measurements is needed and scan sites with marked curvature should be avoided. We recommend that a cross-sectional scan be taken first to measure the lumen diameter, which is then used to help choose the imaging plane for DUS flow measurement. Because flow in the distal artery is generally small, when the vein becomes too large or too tortuous, the PA flow can serve as a surrogate for the vein flow.
CONCLUSIONS
DUS and MRI measurements of AVF blood flow rates were not statistically different. They substantially agreed with each other on being classified into clinically relevant flow categories. Discrepancies tended to result from an overestimation of DUS flow in DVs with large lumen diameters or an inaccurate measurement of the PA diameter. DUS is expected to remain the first-choice modality of AVF flow imaging in the foreseeable future, and PC-MRI should not be used for routine AVF assessment. The accuracy of DUS-measured AVF blood flow can be increased with careful selection of the measuring site and careful consideration of the factors causing flow rate measurement inaccuracy. 
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